Magnetic resonance imaging--based volumetric measurements provide a useful technique for quantifying in vivo regional cerebral atrophy in Alzheimer disease (AD). Histopathological studies have shown the cingulate cortex, a cytoarchitectonically heterogeneous region, to be severely affected in AD. In this study, we developed and validated a manual segmentation protocol, based on macroscopic characteristics such as gyri and sulci patterns, in order to assess volumetric changes in 4 cingulate regions of interest. Cingulate cortical volumes of 10 familial AD patients were compared with 10 age-and sex-matched controls. Inter-and intrarater reliability coefficients were high for all cingulate regions (91.9--99.4%). All 4 cingulate regions were significantly smaller (P < 0.05) in AD cases compared with controls: rostral anterior cingulate gyrus (22.5% smaller), caudal anterior cingulate gyrus (20.7% smaller), posterior cingulate gyrus (44.1% smaller), and retrosplenial cortex (21.5% smaller). The atrophy in the posterior cingulate region was significantly greater than that in other cingulate regions (P < 0.001), suggesting a higher vulnerability for this region in familial AD. Considering the functional and connectional differences of these 4 cingulate regions, detection and monitoring of their atrophy may provide insights into the natural history of AD and may help in the search for diagnostic markers for early AD.
Introduction
Magnetic resonance imaging (MRI)--based volumetric measurements have proved to be useful for quantifying regional cerebral atrophy occurring in Alzheimer disease (AD) (Fox and others 2001) . Postmortem studies have demonstrated that the atrophy in AD is associated with its defining histopathological changes, that is, the accumulation of neurofibrillary tangles and amyloid plaques, accompanied by widespread neuronal and synaptic loss (Braak H and Braak E 1991; Gomez-Isla and others 1996; Delacourte and others 1999; Rohn and others 2001; Uylings and de Brabander 2002) . The implication therefore is that the macroscopic changes of progressive regional and global atrophy are a closely linked consequence of the underlying pathological processes in AD.
The hippocampus and entorhinal cortex are thought to be among the earliest sites of pathological involvement in AD (Braak H and Braak E 1991) , and many volumetric MRI studies have focused on these regions in sporadic and familial AD, confirming their early involvement in vivo (Fox and others 1996; Jack and others 1999; Schott and others 2003) . More recently, volumetric, functional, and neuropathological studies have also highlighted another area of the brain that appears to be involved from the very earliest stages of the disease: the cingulate cortex (Braak H and Braak E 1993; Minoshima and others 1997; Killiany and others 2000; Baron and others 2001; Callen and others 2001; Fox and others 2001; Frisoni and others 2002; Scahill and others 2002) .
The cingulate cortex is a structurally and functionally heterogeneous region, located on the medial surface of the brain. It can be subdivided into an anterior cingulate (ACC) and a posterior cingulate (PCC) cortex (Vogt and others 1979; Baleydier and Mauguiere 1980) . The PCC is subdivided further into the ventromedially located retrosplenial cortex (RS) and the more dorsally located PCC ''proper'' (Vogt and others 2001) . The RS has particularly dense connections with the medial temporal lobe and demonstrates neurofibrillary changes at an earlier histopathological stage of AD compared with the rest of the PCC (Insausti and others 1987; Braak H and Braak E 1993; Suzuki and Amaral 1994; Lavenex and others 2002; Kobayashi and Amaral 2003) . In view of these connectional and neuropathologic differences, cingulate subregions may differ with respect to their amount and rate of atrophy in AD. Methods to assess regional cingulate atrophy on MRI accurately may therefore provide insights into how the disease progresses and might ultimately be used to improve the diagnostic accuracy in very early stages of the disease (Kelly and others 1997; Baron and others 2001; Chetelat and Baron 2003) .
Previous imaging studies have demonstrated atrophy in the PCC in AD. However, these studies either used different criteria to delineate and subdivide the cingulate cortex and did not subdivide the PCC (Killiany and others 2000; Callen and others 2001) or used semiautomatic techniques (Baron and others 2001; Fox and others 2001; Frisoni and others 2002; Scahill and others 2002) , which may lack anatomic specificity for relatively small structures such as the RS (Ashburner and Friston 2000; Tisserand and others 2002; Crum and others 2003) . Several studies have demonstrated atrophy in the ACC in later stages of the disease, but this was variably located in its rostral (Frisoni and others 2002; Scahill and others 2002) or its more caudal parts (Killiany and others 2000; Callen and others 2001) .
The aim of the present study was to develop and validate a delineation protocol suitable for measuring atrophy of the different regions of the cingulate gyrus and subsequently to examine the regional pattern of cingulate atrophy in AD. For this purpose we compared the volumes of the different cingulate regions of interest (ROIs) in early-onset familial AD patients with those of age-and sex-matched control subjects. We studied early-onset familial AD patients because the diagnosis of AD can be made with relative certainty owing to their known genetic risk. Moreover, in these patients comorbidity, such as vascular disease, is less of a confound. We also wanted to assess whether this protocol could reproducibly detect cortical volume reduction in smaller regions of the cingulate gyrus such as the RS.
Materials and Methods

Subjects
Ten subjects with familial AD, fulfilling criteria for probable AD (McKhann and others 1984) and 10 healthy age-and sex-matched controls recruited from the spouses of patients and healthy volunteers were selected for this study. Eight patients had genetic testing that confirmed mutations known to be pathogenic for AD (6 in amyloid precursor protein; 2 in presenilin-1), and 2 patients came from autosomal dominant pedigrees with pathology in a first degree relative. Subject demographics are described in Table 1 . Subjects were assessed at the Dementia Research Centre at The National Hospital for Neurology and Neurosurgery in London and underwent annual MRI, Mini-Mental State Examination (MMSE) (Folstein and others 1975) , and detailed clinical and neuropsychological assessment as part of an ongoing longitudinal research project. Subjects had no medical history of cerebrovascular or other chronic neurological disease, systemic disorders, or major psychiatric illnesses. The study was approved by the Local Research Ethics Committee, and all subjects had given written informed consent.
Magnetic Resonance Imaging Acquisition T 1 -weighted volumetric MR brain scans were acquired on a 1.5 Tesla Sigma unit (General Electric, Milwaukee, WI), using a spoiled gradient--echo technique (matrix: 256 3 128 3 128; acquisition parameters: time repetition/echo time/excitation, 35/5/1; flip angle, 35°). The scans were acquired as 124 contiguous 1.5-mm coronal slices and were transferred to a Sun workstation (Sun Microsystems Inc., Mountain View, CA) for analysis.
Image Analysis
Prior to segmentation, all scans were globally registered to the MNI 305 template using a 6 degrees of freedom registration algorithm (Mazziotta and others 1995) . This ensured that all scans were measured in a similar orientation to improve consistency of segmentation.
The software package MIDAS (Freeborough and others 1997) was used for all manual segmentation. This tool allows simultaneous image viewing and outlining of regions in axial, coronal, and sagittal orientations. In order to prevent potential laterality bias, each image was presented twice in random order: once normally and once flipped across the midsagittal line. Delineation was always performed on the same side of the presented image. Measurements were performed by raters who were blind to the clinical diagnosis.
Cingulate borders were established using a combination of intensity thresholding and manual tracing using a mouse-driven cursor. A threshold setting between 70--110% of the mean brain intensity of the whole brain was used to give consistent delineation of cortical gray matter from cerebrospinal fluid and white matter. Whole-brain segmentation was performed using a previously described technique (Schott and others 2003) . All regional cingulate boundaries were manually outlined and edited on the computer monitor.
Cingulate Borders
The cingulate gyrus largely comprises Brodmann areas 24, 23, 29, 30, and part of 31, and effort was taken to confine the analysis to these regions as much as possible. The rules that were applied for delineation of cingulate boundaries and subdivisions were based on cytoarchitectonic, connectional, and macroscopic studies (Ono and others 1990; others 1995, 2001; Groenewegen and Uylings 2000; Uylings and others 2000; Tisserand and others 2002; Sanz-Arigita et al 2003; Vogt BA and Vogt LJ 2003) . We will indicate in a step-by-step procedure how the macroscopic MRI delineations of ROIs can be roughly compared with microscopically defined Brodmann areas. It is essential to emphasize explicitly that macroscopic features like sulci often do not coincide precisely with cytoarchitectonic borders (Zilles 2004; Uylings and others 2005) . Figure 1 illustrates the gyri and sulci used to demarcate cingulate gyrus borders. The cingulate gyrus (CG) arches around the corpus callosum on the medial surface of the brain and is separated from this structure by the callosal sulcus (cas) (Fig. 1A) . The cingulate sulcus (cs) forms the border between the cingulate gyrus and the anterodorsally located paracingulate gyrus (PCG) (Paus and others 1996; Tisserand and others 2002) and the (pre)motor cortex (MC) (Fig. 1A) . The paracingulate gyrus may be heavily segmented (Fig. 1A ) or more continuous (Fig. 1B ) and may share a common origin with the cingulate gyrus (Fig. 1C ). Rostral parts of the cingulate gyrus often contain a shallow secondary sulcus, running parallel to the cingulate sulcus (Ono and others 1990) (Fig. 1A ,B, white arrowheads). Even in these cases the cingulate gyrus was always easy to distinguish from the anterodorsally located paracingulate gyrus. The cingulate sulcus continues up until the appearance of the marginal ramus (mr), from whence it continues as the splenial sulcus (sps) (Vogt and others 1995; termed subparietal sulcus by Ono and others 1990) (Fig. 1A) . The splenial sulcus is highly variable in its pattern and often contains extensions directed towards the corpus callosum, which were included in the analysis (Fig. 1B,C , black arrowheads). The cingulate sulcus and splenial sulcus were sometimes interrupted, and in such cases the shortest possible line between the interrupted segments of the sulcus was drawn (see for e.g. Fig. 1G , curved arrow).
Sulcal Patterns and Variability
Demarcation of Cingulate Boundaries
As the cingulate gyrus curves around the anterior part of the corpus callosum a transition takes place from Brodmann area 24 to 25. In accordance with Tisserand and others (2002) , the most caudal coronal slice on which the inner curvature of the genu of corpus callosum was visible was taken as the ventral--posterior border between areas 24 and 25 (Fig. 1B) . In this manner area 25 was approximately excluded from the analysis. Area 25 is a more simple cortical structure than 24 others 1995, 2004) . Posteriorly, the cingulate gyrus curves around the splenium of the corpus callosum where it ventrally borders the parahippocampal cortex. The most ventral axial slice on which the curvature of the splenium of the corpus callosum was visible has been taken as the macroscopic ventral border of the cingulate gyrus with the parahippocampal cortex because no cingulate cortex is present below this edge (Vogt and others 2001) (Fig. 1B) .
Cingulate areas located dorsal to the corpus callosum were delineated on coronal slices (Fig. 1D) , whereas cingulate areas located anterior and posterior to the corpus callosum were delineated on axial slices (Fig. 1E,F) , respectively. On the right side of Figure 1D --F the cortical gray matter has been automatically delineated from CSF and white matter using a threshold setting between 70--110% of the mean brain intensity of the whole brain (MIDAS). On the left side of the figures the cingulate gyrus has been delineated. Cingulate gyrus borders were always set between the ventral and dorsal banks of the callosal sulcus and the cingulate sulcus (Sanz-Arigita and others 2003). The gray matter of the splenial sulcus was not included in the analysis (Fig. 1F) . The splenial sulcus is surrounded by Brodmann area 31 (Vogt and others 2001) . Effort was taken to exclude the major part of area 31 because it is also located on the parasplenial lobules posterodorsal to the cingulate gyrus (Vogt and others 2001) , which was not a ROI (illustrated on sagittal sections in Fig. 1G,H) . However, a small part of area 31 is located on the medial surface of the cingulate gyrus and cannot be delineated macroscopically (Fig. 1G , approximate border indicated by dotted line). Figure 1G is a more medial section of the brain in Figure 1C . In order to improve consistency, the entire medial surface of the cingulate gyrus was included in the analysis and thus also included a small part of area 31. The gray matter located within the splenial sulcus was removed in sagittal slices (Fig. 1H ). Note that in Figure 1H extensions of the splenial sulcus directed towards the corpus callosum were included in the analysis (black arrowheads).
Cingulate ROI Subdivisions
The most caudal coronal slice on which the anterior commisure (ac) was visible (Fig. 1C , ac-line) and the most caudal coronal slice on which the posterior commisure was visible (Fig. 1C , pc-line) were used to subdivide the cingulate gyrus. The orientation of the coronal slices in our scans corresponds with the ac-and pc-line in Figure 1C . The resulting subdivision of the cingulate gyrus and its borders within the sulci, together with the approximate location of the relevant Brodmann areas, is indicated in Figure 2 . Anterior parts of the cingulate gyrus were subdivided into a rostral ROI (termed rostral AC, located anterior to the ac-line) and a caudal ROI (termed caudal AC, located between the acand pc-line) ( Fig. 2A--C) . Although both ACC regions approximately correspond to Brodmann area 24, more recent studies have demonstrated a number of cytological and functional differences between them justifying a subdivision (Vogt BA and Vogt LJ 2003; Vogt and others 2003) . Although the cingulate and paracingulate gyrus share a common origin in this specific brain, a slight indentation is visible in the medial part of the gray matter, which was taken as the border between these regions (Fig. 2B, arrow) . The posterior region of the cingulate gyrus (located caudal to the pc-line) was divided into a PCC ROI (termed PC) and the RS ( Fig. 2A,D,E) . The border between the PC and the RS is the only border that can be objectively delineated macroscopically (Vogt and others 2001) . The RS corresponds with Brodmann areas 29 and 30 and is located in the depth of the callosal sulcus and does not appear on the medial surface of the cingulate gyrus, which comprises area 23 (Fig. 2D,E) . Thus, when manually indicating the border of the RS (black line in Fig. 2D ,E) care was taken not to include any medially located pixels.
Reproducibility
In order to assess intra-and interrater reproducibility, regional cingulate volumes of 10 patients (20 hemispheres) were each measured twice by 2 different raters (B.F.J. and J.B.). Subdivisions of the posterior cingulate gyrus (PC, RS) were measured twice by one rater (B.F.J.), in order to assess the feasibility of separating these 2 regions in the further analysis. Reproducibility for the whole cingulate gyrus and component parts was assessed by calculating within-subject standard deviations (SDs) and reliability coefficients (RCs) (Bartko 1966; Fleis 1986 ).
Statistical Analysis
Statistical analysis were conducted using the statistical package STATA versions 6 and 8 (Stata, College Station, TX) and Microsoft Excel 2000. In order to normalize scans for individual differences in head size, the total intracranial volume (TIV) was calculated from T 1 -weighted scans using a previously described semiautomated technique (Whitwell and others 2001) . The logs of the mean cingulate ROI volumes of the control group were regressed against the logs of the mean TIV measures to establish the slope of the relationship between TIV and cingulate volume. The resulting coefficient (a) was used to correct the cingulate volumes as follows:
where h i * is the adjusted cingulate volume, h i the crude cingulate volume, t i the TIV for the ith individual, and t 0 the mean TIV. Differences in volumes between 1) AD cases and controls, 2) cingulate ROIs, and 3) left and right sides were assessed using a random effects generalized least squares regression model. All volumes were logtransformed (to allow estimation of percentage differences), and 2-way interaction terms were included to investigate the extent to which 1) the difference between AD cases and controls differed between regions, 2) the left--right difference differed between regions, and 3) the left--right difference differed between AD cases and controls. Pairwise contrasts were used to investigate interactions where a global interaction test was statistically significant.
Results
Reproducibility
Reproducibility, expressed in terms of RCs and SDs as percentages are given in Table 2 . Intra-and interrater RCs were comparable and ranged from 91.4--99.4%. Considering the high reproducibility for the PC and the RS ( >91.9%; Donner and Eliasziw 1987), these 2 regions were fitted separately into the statistical model and not pooled together.
Cingulate ROI Volumes
The TIV-corrected cingulate ROI volumes for both groups are shown in Figure 3 . There was statistically significant evidence of a group by region interaction (i.e., that the magnitude of the difference between AD cases and controls differed between regions combining over hemispheres) (P = 0.0025), a hemisphere by region interaction (P = 0.034), but no evidence of a group by hemisphere interaction (i.e., no evidence that the case--control difference differed between the left and right side combining over regions) (P = 0.8). Accordingly, the 2-way interaction between group and hemisphere was dropped from the model effectively pooling the differences between AD cases and controls over left and right sides. All the cingulate ROIs were significantly smaller in cases compared with controls with the difference in the PC being significantly larger than that in each of the other cingulate regions (P < 0.01): rostral AC: 22.5% (95% confidence interval [CI] 6.2--35.9%) smaller, P = 0.009; caudal AC: 20.7% (95% CI 4.1--34.4%) smaller, P = 0.017; PC: 44.1% (95% CI 32.4--54.8%) smaller, P < 0.001; RS: 21.5% (95% CI 5.1--35.1%) smaller, P = 0.012 (Fig. 3) .
On average, cingulate volumes were larger on the right side in all regions in both AD cases and controls, with some evidence (P = 0.034) that the magnitude of the left--right difference varies between regions. This left--right difference was greatest for the rostral AC, and this was the only region where the difference was statistically significant.
Despite the fact that mean volumes for all 4 cingulate ROIs differed significantly between cases and controls, Figure 3 shows that there was considerable overlap, which was least in the PCC ROI. We calculated sensitivity and specificity values for the PC in order to determine how well these data might classify individuals into their diagnostic groups. With a cutoff value of 1880 mm 3 for the mean of the left and right PC, the sensitivity was 90%, specificity 100%, positive predictive value 100%, and the negative predictive value was 91%.
The wide range of MMSEs in the patient group raises the possibility that the results are driven by the very severe cases. To investigate this, Pearson correlation coefficients between MMSE scores and cingulate volumes were calculated. None of the volumes of the cingulate ROIs showed a correlation with MMSE scores that was statistically significant or large enough to support such a hypothesis: rostral AC r = -0.36 (P = 0.38); caudal AC r = -0.35 (P = 0.39); PC r = -0.23 (P = 0.59); RS r = 0.04 (P = 0.93).
Discussion
Using an MR-based manual delineation protocol for the cingulate gyrus we have demonstrated that all 4 cingulate ROIs (rostral AC, caudal AC, PC, RS) show a significant atrophy in familial AD patients compared with controls. Within the cingulate gyrus, the volume reduction was the greatest in the PC ROI. Our analysis detected previously described left--right hemisphere asymmetries in cingulate volumes (right > left), which accords with other studies (Paus and others 1996; Watkins and others 2001) . The severity of the volume loss did not differ between left and right cingulate regions in the AD subjects.
A potential source of variability in region-based manual outlining results from difficulty in accurately correlating cytoarchitectonic borders in histological sections with gross anatomical landmarks on MR scans in vivo. Often the macroscopic sulci do not coincide with borders of microscopically cytoarchitectonically defined cortical areas (Zilles 2004; Uylings and others 2005) . A high degree of interindividual variability in sulcal patterns, as is the case with the cingulate gyrus, further adds to this problem (Vogt and others 1995; Paus and others 1996) . Although manual demarcation of brain regions is time consuming, it is still the gold standard of ROI measurement on MRI (Tisserand and others 2002; Crum and others 2003) . Our manual demarcation protocol was standardized as much as possible and yielded high inter-and intrarater RCs, ranging from 91.9--99.4%. The landmarks selected to define the borders of the cingulate gyrus and its subdivisions in the present study were based on extensive examination of morphological and cytoarchitectonic studies, and the analyzed cingulate subregions approximate to Brodmann areas 24 (rostral + caudal AC), 29 + 30 (RS), and 23 (PC).
Separate evaluation of these regions in AD may be relevant taking into account the fact that neurofibrillary tangles in the RS are present in relatively early neuropathological stages of AD and precede pathological changes in areas 23 and 24 (Braak H and Braak E 1993) . These tangles are not present in healthy controls and therefore may represent preclinical stages of AD (Ma and others 1994) . Furthermore, in nonhuman primates, rostral area 24 and the RS have dense reciprocal connections with the entorhinal and (para)hippocampal cortex, whereas caudal areas 24 and 23 do not (Insausti and others 1987; Suzuki and Amaral 1994; Lavenex and others 2002; Kobayashi and Amaral 2003) . Considering the differences in medial temporal lobe connections and temporal patterns of neuropathological involvement, it interesting that not the RS but the PC ROI ( area 23) showed the greatest volumetric loss in the present study. The apparent selective vulnerability of area 23 in AD cannot be explained as secondary to deafferentiation as a result of medial temporal lobe damage. Rather, this selective volume loss seems to be related to neurodegeneration because a number of neuropathological studies have demonstrated severe neuron losses in area 23 in those cases with clinically established symptoms of AD others 1990, 1998) .
The PC ROI is capable of separating subjects from controls with a high sensitivity (90%) and specificity (100%). Measurements of medial temporal lobe measures have found similar levels of sensitivity and specificity (Scheltens and others 1992; Juottonen and others 1999; Killiany and others 2002) . Although the number of subjects in the present study is small, this region seems promising as a diagnostic indicator of AD.
Previous macroscopic MRI studies have demonstrated PC cortex atrophy in AD patients using semiautomated techniques (Baron and others 2001; Frisoni and others 2002; Scahill and others 2002) . According to these authors, the atrophy appeared to predominate around the splenial sulcus, including the dorsal part of the posterior cingulate gyrus and did not seem to involve retrosplenial areas, which partially corresponds with our findings. Atrophy of the rostral (but not the caudal) AC was not evident until later stages of the disease (Frisoni and others 2002; Scahill and others 2002) . Automated methods require spatial normalization and smoothing techniques and are probably less suitable for analyzing highly variable cortical regions (AC) or small areas (e.g., RS) (Ashburner and Friston 2000; Crum and others 2003) . A manual ROI study has shown significant atrophy of the caudal AC and the PC in AD but did not reveal any significant atrophy in the rostral AC. However, this study included the paracingulate gyrus in the AC and did not subdivide the posterior cingulate gyrus and thus did not assess the RS separately (Callen and others 2001) .
In the present study we have described and validated a manual delineation protocol to measure atrophy of 4 different cingulate regions on MRI. The present study is the first to find significant atrophy of all 4 cingulate regions in AD. We have also shown that our delineation protocol is capable of detecting atrophy in smaller regions of the cingulate gyrus, such as the RS. To our knowledge, this study is the first to assess the volumes of the PCC and the RS separately. Considering the connectional and functional heterogeneity of these areas, regional cingulate atrophy measures may aid in understanding the way in which the disease begins and progresses and may also help in the search for diagnostic markers of early AD.
Notes
